The majority of excitatory synapses in the mammalian brain form on filopodia and spines, actin-rich membrane protrusions present on neuronal dendrites. The biochemical events that induce filopodia and remodel these structures into dendritic spines remain poorly understood. Here, we show that the neuronal actin-and protein phosphatase-1-binding protein, neurabin-I, promotes filopodia in neurons and nonneuronal cells. Neurabin-I actin-binding domain bundled F-actin, promoted filopodia, and delayed the maturation of dendritic spines in cultured hippocampal neurons. In contrast, dimerization of neurabin-I via C-terminal coiled-coil domains and association of protein phosphatase-1 (PP1) with neurabin-I through a canonical KIXF motif inhibited filopodia. Furthermore, the expression of a neurabin-I polypeptide unable to bind PP1 delayed the maturation of neuronal filopodia into spines, reduced the synaptic targeting of AMPAtype glutamate (GluR1) receptors, and decreased AMPA receptor-mediated synaptic transmission. Reduction of endogenous neurabin levels by interference RNA (RNAi)-mediated knockdown also inhibited the surface expression of GluR1 receptors. Together, our studies suggested that disrupting the functions of a cytoskeletal neurabin/PP1 complex enhanced filopodia and impaired surface GluR1 expression in hippocampal neurons, thereby hindering the morphological and functional maturation of dendritic spines.
INTRODUCTION
The majority of excitatory synapses in the mammalian brain exist on specialized membrane protrusions known as dendritic spines (Harris, 1999) . Spines house the machinery for neurotransmitter signaling and compartmentalize the biochemical and cell biological events that elicit the synaptic modifications associated with learning and memory (Hering and Sheng, 2001) . During brain development, dendrites extend filopodia that contact complementary presynaptic sites and differentiate into mature spines capable of synaptic transmission (Ziv and Smith, 1996; Fiala et al., 1998; Ziv and Garner, 2001; Yuste and Bonhoeffer, 2004) . Although central to the development of synapses and neural circuits, the molecular mechanisms that regulate the extension and remodeling of dendritic filopodia into functional postsynaptic spines remain poorly understood.
In the adult brain, filopodia and spines continue to undergo morphological alterations that have been linked with learning and memory (Yuste and Bonhoeffer, 2001; Lamprecht and LeDoux, 2004) . For example, long-term potentiation (LTP) elicits dramatic changes in spine shape and number (Lang et al., 2004; Matsuzaki et al., 2004) , and, during LTP, filopodia are frequently seen as precursors of nascent spines (Maletic-Savatic et al., 1999) . Several human mental retardation syndromes have been linked with altered morphology and number of dendritic spines (Kaufmann and Moser, 2000; Irwin et al., 2001; Fiala et al., 2002) . These are compelling reasons for investigating the molecular basis of filopodia and spine formation and the events that generate mature functional synapses. It is widely anticipated that such studies will provide critical insights into the events that dictate brain development, learning and memory, and neurological disease.
Filopodia and spines are rich in F-actin and remodeling of the actin cytoskeleton controls the formation and motility of filopodia as well as the maturation of dendritic spines (Fischer et al., 1998; Matus, 2000; Colicos et al., 2001; Star et al., 2002) . Actin reorganization in dendritic spines is highly dynamic and responsive to synaptic signals (Halpain et al., 1998; Matus, 2000; Colicos et al., 2001; Star et al., 2002) . Indeed, actin remodeling in dendritic spines is essential for the maintenance of LTP (Kim and Lisman, 1999; Krucker et al., 2000; Fukazawa et al., 2003) and several actin-associated proteins have been shown to alter spine structure (Hering and Sheng, 2001; Penzes et al., 2001; Ehlers, 2002) . Our studies focused on the structurally related actin-binding proteins, neurabin-I and spinophilin/neurabin-II, that are highly concentrated in dendritic spines and specifically in the actin-rich postsynaptic density (Allen et al., 1997; Terry-Lorenzo et al., 2000) . Recent studies have implicated both neurabin isoforms in the regulation of neuronal morphology (Feng et al., 2000; Oliver et al., 2002; Zito et al., 2004) .
Neurabin-I and spinophilin share multiple protein interaction domains (Nakanishi et al., 1997; Satoh et al., 1998) , including an N-terminal actin-binding domain, a PDZ (PSD-95, Dlg-large, and ZO-1 homology) domain, a protein phosphatase-1 (PP1)-binding motif (Allen et al., 1997; McAvoy et al., 1999) , and C-terminal coiled-coil domains. Our previous studies suggested that multiple domains in neurabin-I (NrbI), in particular the actin-binding domain, are required to elicit morphological changes in cultured cells (Oliver et al., 2002) . The N-terminal actin binding domain, NrbI(1-287), also stimulated spine actin dynamics, altered the motility and morphology of dendritic spines, and increased synapse formation in cultured rat hippocampal slices (Zito et al., 2004) . By comparison, no changes in cell morphology were reported when similar N-terminal fragments of spinophilin/ Neurabin-II (Spino) were expressed in either cultured cells or neurons (Grossman et al., 2002; Barnes et al., 2004) . The study by Zito et al. (2004) focused solely on spine alteration mediated by the neurabin-I actin-binding domain. However, beyond their ability to bind actin, neurabin-I and spinophilin form multimers via their C-terminal domains and act as a scaffold for the prominent signaling enzyme PP1 (Allen et al., 1997; McAvoy et al., 1999; Oliver et al., 2002 ). Yet, little knowledge has existed regarding the role of PP1 binding or dimerization of neurabin I in postsynaptic assembly or function.
The present studies compared the ability of NrbI and Spino to induce filopodia in cultured cells and established the functional and structural similarities in the two neurabin isoforms. Subsequent experiments focused on the role of NrbI and its ability to target PP1 to the actin cytoskeleton in controlling the formation of neuronal filopodia and dendritic spines and the maturation of functional synapses. We expressed wild-type and mutant neurabins and utilized shRNA to knockdown endogenous NrbI to demonstrate that NrbI promotes spine formation, increases the incorporation of AMPA-type glutamate receptors at the postsynaptic membrane, and enhances excitatory synaptic transmission. Our studies, for the first time, highlight a role of the neuronal NrbI/PP1 complex in development of dendritic spines and the formation of glutamatergic synapses in mammalian brain.
MATERIALS AND METHODS

Plasmids
Plasmids encoding the neurabin-I (NrbI) polypeptides, GFP-NrbI-FL, GFPNrbI(1-552), GFP-NrbI-(286 -1095) , and GFP-NrbI-FL(F460A) were previously described (Oliver et al., 2002; Terry-Lorenzo et al., 2002b) . GFP-␣-actinin was a kind gift from Carol Otey (Edlund et al., 2001) . The spinophilin (Spino) polypeptides, GFP- , were gifts from Sharon Milgram (University of North Carolina). The plasmid encoding GFPNrbI(1-287) was provided by Karen Zito, Cold Spring Harbor Laboratories (Zito et al., 2004) . QuickChange mutagenesis kit (Stratagene, La Jolla, CA) was used to introduce stop codons in GFP-NrbI-FL and GFP-Spino-FL to generate C-terminal truncations. Site-directed mutagenesis introduced the F460A substitution in GFP-NrbI-FL and F451A in GFP- was created by digesting the GFP-Spino(1-289) expression plasmid with XmnI and ScaI and religating the blunt ends.
To create gyraseB fusions of spinophilin, a BsiWI site was introduced in GFP-Spino-FL cDNA after codon 586 using QuickChange mutagenesis to create Bsi-Spino. The gyraseB sequence was amplified by PCR using GGTG-GCGTACGATCTAGAAGCAATTCT and GAGGGTCGTACGTTATGTGTA-CATGTCGACTTTGGATTCGG with pKS-ATG-GyrB (Farrar et al., 2000) as template. Amplified cDNA was digested with BsiWI and inserted into BsiSpino to produce GFP-Spino-GyrB.
To create His-tagged fusions, GFP-NrbI-FL was digested with BglII and KpnI to excise NrbI amino acids 1-287, and this fragment was ligated into BglII/KpnI-digested pRSET-B (Invitrogen, Carlsbad, CA) to yield His-tagged NrbI(1-287). GFP-NrbI-FL was digested with BglII and PvuII to excise amino acids 1-146, and this fragment was ligated into BglII/PvuII-digested pRSET-B to yield . To make GFP-and His-tagged NrbI(146 -287), a BglII site was introduced into GFP-and His-NrbI(1-287) at the position encoding amino acid 147 by PCR with CACAGAGACTCGAAAGATCTTT-GAGAGAAGTGGG and its inverse complement. The cDNA encoding NrbI amino acids 1-146 was then excised using a BglII/KpnI digest. The resulting fragment was ligated into BglII/KpnI-digested pEGFP-C2 (Clontech, Palo Alto, CA) to express GFP-NrbI(1-146) and pRSET-A (Invitrogen) to generate His-NrbI(1-146).
The cDNA encoding mRFP in pRSET-B (Campbell et al., 2002) was digested with BamHI and HindIII and insert into pCMV4. The resulting plasmid was digested with BstYI and XbaI and inserted into pFlag-CMV-2 (Eastman Kodak, Rochester, NY) digested with BglII and XbaI to generate a plasmid encoding FLAG-mRFP.
pZOFF-EGFP was engineered to coexpress shRNAs along with EGFP in order to identify transfected cells and to analyze the cellular effects of reducing endogenous protein levels by RNA interference (see Figure 6A ). pZOFF-EGFP was constructed by inserting the H1 expression cassette from pSUPER (Brummelkamp et al., 2002) into pEGFP-C1 (Clontech). pEGFP-C1 was prepared by digestion with BglII and BamHI to remove part of the multiple cloning site region; subsequently, he H1 cassette was ligated between the MluI and DraIII sites of pEGFP-C1. Oligonucleotides for generation of shRNAs were cloned into the BglII-HindIII sites in the H1 expression cassette.
pNrbI-OFF was created by ligating the annealed oligos, GATCCCCGATGTC-TCTCGAGAAGGCTTTCAAGAGAAGCCTTCTCGAGAGACATCTTTTTGGA-AA and AGCTTTTCCAAAAAGATGTCTCTCGAGAAGGCTTCTCTTGAAA-GCCTTCTCGAGAGACATCGGG into HindIII-and BglII-digested pZOFF-EGFP. The resulting shRNA targeted rat NrbI base pairs 1291-1309 (amino acids 430 -437). Efficacy and selectivity of pNrbI-OFF was analyzed by cotransfecting either GFP-NrbI-FL or GFP-Spino-FL with pZOFF or pNrbI-OFF, and monitoring protein expression by western analysis with mouse anti-GFP antibody (Chemicon, Temecula, CA). Other mRNA sequences, such as those encoding amino acids 65-72, 708 -715, and 1049 -1056, were also evaluated but none proved to be more efficacious.
Culture, Transfection, and Imaging of Cells
COS7 cells were maintained in DMEM plus 10% (vol/vol) fetal bovine serum. To express GFP-NrbI polypeptides, cells at 50% confluency were transfected with DNA (1.5 g) and Lipofectamine (6 L, Invitrogen). For forced dimerization experiments, cells were treated with 700 nM coumermycin (Sigma, St. Louis, MO) or novobiocin (Sigma) immediately after transfection. After overnight incubation, all cells were fixed with 4% (vol/vol) paraformaldehyde. Some cells were permeabilized with 0.1% (vol/vol) Triton X-100, blocked with 2% bovine serum albumin for 1 h, and incubated with 1:200 dilution of rhodamine-phalloidin (Molecular Probes, Eugene, OR) for 5 min. Coverslips were mounted in phosphate-buffered saline (PBS)/glycerol (1:1) with 25 mg/ml DABCO, sealed, and visualized with 40ϫ and 60ϫ objectives on an Olympus spinning disk inverted confocal microscope (Lake Success, NY) using UltraView acquisition software (PerkinElmer LAS, Boston, MA).
Filopodia Counting in COS7 Cells
We utilized a double-blind approach to quantify filopodia, with 0 -5 filopodia per cell scoring 0, 5-20 filopodia scoring 1, and greater than 20 filopodia scoring 2. At least eight independent counts of 50 cells each on minimum of 4 slides were undertaken to calculate the average score, which was normalized to the control GFP-expressing cells. Counts were performed using both mRFP (fill) and GFP fluorescence and yielded identical results.
Culture, Transfection, and Imaging of Hippocampal Neurons
Dissociated hippocampal cultures (Scott et al., 2001) were transfected using 1.5 g of DNA and 1 l of Lipofectamine 2000 (Invitrogen) in 50 l Opti-MEM. Cells were imaged at 40, 60, or 100ϫ magnifications using a Nikon spinning disk confocal microscope with a cooled CCD camera (Princeton Instruments, Princeton, NJ).
Immunostaining of Hippocampal Neurons
Filamentous F-Actin was stained with Alexa568-phalloidin (Molecular Probes) in cells fixed with 4% (vol/vol) paraformaldehyde containing 4% (wt/vol) sucrose as recommended in the manufacturer's protocol. A rabbit anti-GluR1 antibody (Mammen et al., 1997) was incubated with a 1:250 dilution of Alexa568-anti-rabbit secondary antibody (Molecular Probes) in neurobasal medium (Life Technologies, Rockville, MD) for 30 min, and the antibody complex was applied to live cultured hippocampal neurons for 20 min at 4°C. Cells were rinsed in PBS containing 2 mM CaCl 2 , fixed, and mounted for imaging (Ehlers, 2000; Scott et al., 2001) . For NrbI immunostaining, 1:100 dilution of mouse anti-NrbI antibody (Transduction Laboratories, Lexington, KY) and 1:200 dilution of Alexa647-anti-mouse secondary antibody (Molecular Probes) were used. The anti-NrbI antibody recognized NrbI(1-146) and NrbI(1-107) in Western immunoblots but did not cross-react with Spino(1-152) (unpublished data).
Quantification was undertaken by tracing the GFP-containing cell using Metamorph software (Universal Imaging, West Chester, PA), transferring the trace to the parallel immuno-stained cell and determining average staining intensity within the trace after subtracting the background. All pooled images were analyzed using identical acquisition parameters and were normalized to the average value obtained from control cells from sister cultures.
Morphometric Analyses of Hippocampal Neurons
For these studies, mRFP was used as an unbiased cell-fill. Because protrusions often crossed several z planes, we took 0.5-1-m z series stacks from the bottom to the top of all dendrites and used the Metamorph function to generate image projections for quantitative analyses. Images were not further processed and were of high quality similar to that of the original single planes. The number of planes, typically 8 -12, was chosen to cover the entire dendrite from top to bottom. In each experiment, appropriate controls were used to ensure there was no bleed-through between different wavelength channels. All morphological experiments were repeated at least three times with an n of 7-12 for individual experiments.
DIV7 neurons (7 days in vitro; 30,000/well) were transfected and after 24 h, fixed in 4% (vol/vol) PFA containing 4% (wt/vol) sucrose. Images at 40ϫ magnification were generated on a spinning disk confocal microscope. Protrusions 0.7-10 m in length were counted in a double-blind manner and expressed per unit length of dendrite. Protrusions with a bulbous head wider than the base were scored as spines. All other protrusions were scored as nonspines. These nonspine protrusions were typically longer than mushroom spines and possessed narrow or tapered heads, much like filopodia. Between 150 -300 protrusions were scored for every neuron. Measurements of length and width of the protrusions were performed as described previously (Sala et al., 2001) .
Purification of Recombinant Neurabin-I Proteins
His-NrbI(1-287), His-NrbI(1-146), and His-NrbI(146 -287) were expressed in Escherichia coli BL21 DE3 pLysϩ in LB-ampicillin (500 ml) grown to OD 600 ϭ 0.6 and induced with 1 mM IPTG for 3 h at 37°C. All recombinant proteins were purified on TALON metal affinity resin (BD Biosciences, San Diego, CA).
Actin Binding and Bundling Assays
Actin-binding and bundling were assayed using the BK001 actin-binding kit (Cytoskeleton, Denver, CO) following the manufacturer's instructions. Briefly, purified His-NrbI (10 L) was mixed with polymerized F-actin (40 L) and incubated at 24°C for 30 min before centrifugation at 150,000 ϫ g (to detect F-actin-binding) or 10,000 ϫ g (to detect F-actin bundling; Wang et al., 2001) . Presence of the test protein in the supernatants and pellets was analyzed on 12% (wt/vol) SDS-PAGE followed by either Western immunoblotting or protein staining with Coomassie blue.
F-actin mixed with equimolar amounts of purified His-NrbI proteins in F-actin polymerizing buffer (Cytoskeleton) was incubated for 30 min to 1 h, and aliquots of these mixtures were negatively stained with 1% uranyl acetate, placed on copper grids, and imaged by transmission electron microscopy (Moody et al., 1985) by the Duke Comprehensive Cancer Center EM facility.
Electrophysiology of Cultured Neurons
Whole-cell voltage clamp recordings were performed on hippocampal neurons (DIV 16) grown at high density (50,000 cells/well). Neurons were held at Ϫ60 mV using a MultiClamp 700A amplifier (Axon Instruments, Foster City, CA) controlled with a Pentium PC running MultiClamp Commander and pClamp (Axon Instruments). Extracellular solution contained (in mM): 150 NaCl, 5 KCl, 10 HEPES, 1 MgCl 2 , 30 d-glucose, 2 CaCl 2 , 0.001 TTX, 0.03 bicuculline (330 mOsm/l, ph 7.4). Electrodes were pulled from glass capillary tubes (Narishige, Tokyo, Japan). Recording pipettes were filled with a solution containing (in mM): 30 CsSO 4 , 70 K 2 SO 4 , 25 HEPES, 25 N-methyl-dglucamine, 0.1 CaCl 2 , 1 EGTA, 2 Na 2 ATP, 0.1 leupeptin (300 mOsm/l, ph 7.2) with resistance ranging from 3 to 5 M⍀. Recordings with series resistances greater than 10 M⍀ were discarded. (Data were analyzed using MiniAnalysis software (Synaptosoft, Decatur, GA). More than 300 mEPSC events with amplitudes greater than 5 pA and rise times Ͻ5 ms were collected for each neuron.
RESULTS
Multiple Neurabin Domains Regulate Cell Morphology
To date, there has been only limited structural and functional analysis of neurabin-I (NrbI; Oliver et al., 2002) or spinophilin/neurabin-II (Spino; Barnes et al., 2004) and its role in regulating cell morphology. Thus, we analyzed the ability of NrbI and Spino polypeptides to alter the morphology of cultured cells, focusing on the structural homology between the two neuronal actin-binding proteins ( Figure  1A ). We examined COS7 cells expressing green fluorescent protein (GFP) fusions of NrbI and Spino polypeptides with selective deletions of known protein-interaction domains ( Figure 1B ). As previously noted, the full-length (FL) proteins, GFP-NrbI-FL (Oliver et al., 2002) and GFP-Spino-FL (Barnes et al., 2004) , localized to the cell periphery, consistent with their association with the cortical actin cytoskeleton. Cells expressing these polypeptides showed no notable change in morphology. However, expression of shorter polypeptides containing the N-terminal actin-binding domains, specifically GFP-NrbI (1-287) and GFP-Spino (1-289), elicited numerous filopodia in COS7 cells ( Figure 1B ). By comparison, GFP-NrbI(286 -1095), which lacks actin-binding (Nakanishi et al., 1997) , failed to localize to the cell periphery and had no effect on COS7 morphology ( Figure 1B) . Similar results were obtained in A549, NIH3T3, HEK 293, and HeLa cells (unpublished data), indicating that the functional effect of the Nrb1 and spinophilin actin-binding domains were not cell-specific.
Quantitative analysis of filopodia induction showed that, compared with ␣-actinin, a known actin-binding protein, GFP-NrbI and GFP-Spino polypeptides containing the Nterminal actin-binding domain induced extensive filopodia ( Figure 1C ). NrbI and Spino polypeptides lacking the actinbinding domain, specifically GFP-NrbI(286 -1095) and GFPSpino(178 -817), failed to elicit filopodia. (Figure 1C ). Furthermore, GFP-neurabins lacking C-terminal sequences were more effective than GFP-NrbI-FL and GFP-Spino-FL in inducing filopodia. These data suggest that association of cellular proteins with one or more C-terminal protein-interaction domains negatively regulates the ability of the actinbinding domain to elicit filopodia. Interestingly, GFPNrbI(1-146) and GFP-Spino(1-152) were less effective than GFP-NrbI(1-287) and GFP-Spino(1-289) in filopodia induction, suggesting that as yet unidentified proteins proposed to bind (Zito et al., 2004) and Spino(151-284) (Barnes et al., 2004) , may stimulate the activity of the minimal actin-binding domain (Nakanishi et al., 1997; Satoh et al., 1998) in inducing filopodia.
We next examined the role of neurabin-bound PP1 by substituting a single amino acid, phenylalanine (F), with alanine (A) in the conserved KIXF PP1-binding motif in both Spino-FL and NrbI-FL. The F-to-A substitution abolishes PP1 binding to both Spino and NrbI (Hsieh-Wilson et al., 1999; Terry-Lorenzo et al., 2002b) . Compared with GFPNrbI-FL or GFP-Spino-FL, GFP-NrbI-FL-F460A, and GFPSpino-FL-F451A elicited increased filopodia( Figure 1D ). This demonstrated that the loss of PP1-binding enhanced the ability of neurabins to increase filopodia.
Because the C-terminal coiled-coil domain not only mediates NrbI and Spino dimerization (Oliver et al., 2002) , but also recruits cellular proteins such as TGN38 (Stephens and Banting, 1999) and Lfc (Ryan et al., 2003) , the mechanism by which this domain regulates cell morphology was unclear.
To address the role of dimerization, we generated GFPSpino(1-586)-GyrB, which contains the antibiotic-interaction domain of the bacterial enzyme gyrase B (GyrB) fused to the C-terminus of GFP-Spino(1-586), a truncation that lacks a coiled-coil domain. This fusion protein displays drug-induced dimerization in the presence of the bivalent antibiotic, coumermycin (CM), which binds two GyrB domains simultaneously (Farrar et al., 2000) . Novobiocin (NB), a monovalent analogue of CM that binds a single GyrB domain, fails to induce dimerization and serves as a control. As expected, treatment of cells expressing GFP-Spino(1-586) with NB or CM had no effect on its ability to induce filopodia in COS7 cells (Figure 1, E and F) . Moreover, cells expressing GFPSpino(1-586)-GyrB displayed similar numbers of filopodia, indicating that the C-terminal fusion of GyrB had little effect on the ability of GFP-Spino(1-586) to induce filopodia. Treatment of GFP-Spino(1-586)-GyrB-expressing cells with CM, however, significantly inhibited filopodia in COS7 cells ( Figure 1E ). Quantitative analyses showed that CM-treated cells expressing GFP-Spino(1-586)-GyrB possessed 20 -25% fewer filopodia than same cells treated with NB ( Figure 1F ). These studies support the conclusion that it is not the binding of other cellular proteins, but rather the dimerization of GFP-Spino(1-586)-GyrB, and by inference, of full-length spinophilin, that inhibits filopodial outgrowth. Taken together, these data show that the actin-binding domains of NrbI and spinophilin promote filopodia, whereas dimerization via Cterminal coiled-coil domains and association of PP1 inhibit filopodial outgrowth.
Neurabin-I Induces Filopodia on Hippocampal Neurons
Unlike spinophilin, which is widely expressed in mammalian tissues (Allen et al., 1997; Satoh et al., 1998) , NrbI is found exclusively in neurons (Nakanishi et al., 1997) . To define the structural requirements in NrbI that modulate neuronal morphology, we expressed GFP-NrbI polypeptides in primary cultures of rat hippocampal neurons and examined neuronal morphology. In these experiments, we cotransfected neurons with monomeric red fluorescent protein (mRFP) to provide an unbiased cell fill. Neurons transfected with GFP on day 7 in vitro (DIV7) and imaged on DIV8 (Figure 2A) showed few dendritic protrusions and no obvious spines, as is typical for cultured neurons of this age (Takahashi et al., 2003) . In contrast to COS7 cells, which were largely unaffected by the expression of full-length neurabin-I, GFP-NrbI-FL promoted a significant increase (ϳ50%) in filopodia in hippocampal neurons (Figure 2, A  and B) . These filopodia frequently appeared as "bursts" with five or more projections emanating from a single site on the dendrite (asterisk in Figure 2A ) that consistently displayed high concentrations of GFP-NrbI-FL. By comparison, neurons expressing GFP-NrbI(1-287) exhibited prolific outgrowth of highly elongated filopodia along the cell body (unpublished data) and dendrites (Figure 2, A and B) . As seen in COS7 cells, the N-terminal actin-binding domain, GFP-NrbI(1-146), was necessary and sufficient for NrbI-induced filopodia formation in neurons ( Figure 2B ). However, unlike in COS7 cells, the disruption of PP1-binding to GFPNrbI-FL(F460A) resulted in no further enhancement of GFPNrbI-FL's ability to promote neuronal filopodia ( Figure 2B ). The Actin-binding Domain of Neurabin-I Reorganizes the Neuronal Actin Cytoskeleton Recent studies showed that GFP-NrbI(1-287) modulates neuronal actin dynamics in hippocampal slices (Zito et al., 2004) . However, the mechanism underlying actin rearrangement by GFP-NrbI(1-287) remains unresolved. To address this question, we expressed GFP-NrbI in cultured hippocampal neurons and imaged the actin cytoskeleton stained with Alexa568-phalloidin. Consistent with prior studies (Zhang and Benson, 2001 ), F-actin in the dendrites of control DIV8 neurons, expressing GFP alone, was either diffuse or appeared as patches and puncta (arrowheads in Figure 3A) . Expression of GFP-NrbI(1-287) resulted in marked rearrangement of the cytoskeleton in dendrites with the appearance of linear bundles of F-actin and the increased concentration of F-actin at the dendritic plasma membrane (arrows in Figure 3A) . Interestingly, expression of GFPNrbI-FL elicited an intermediate pattern with the presence of both linear bundles and F-actin puncta ( Figure 3A) . Unlike the much smaller GFP-NrbI (1-287), which distributed throughout the entire length of filopodia, GFP-NrbI-FL was largely concentrated at the base of these structures, suggesting that the subcellular localization of NrbI(1-287) and NrbI-FL might account for their differing effects on neuronal morphology.
Initiation of filopodia is characterized by the enhanced bundling of filamentous actin in the growing protrusion (Svitkina et al., 2003) . Previously, Nakanishi et al. (1997) demonstrated that NrbI binds the sides of actin filaments and generates F-actin bundles. They hypothesized that NrbI requires both F-actin binding by the N-terminal domain and dimerization via the C-terminal coiled-coil domains to bundle actin filaments. In contrast, our results show that GFPNrbI(1-287), which lacks the oligomerization domains, is the most effective NrbI polypeptide in rearranging neuronal actin cytoskeleton and inducing filopodia. Thus, we evaluated the ability of NrbI(1-287) to bundle F-actin in vitro. Using low-speed centrifugation to sediment bundled F-actin, we established that ␣-actinin, a known actin-bundling protein, bundled F-actin in a dose-dependent manner (Figure 3 , B and C; EC 50 ϭ 0.034 Ϯ 0.010 mol of ␣-actinin per mole actin). Both His-NrbI(1-287) and His-NrbI(1-146) also bundled F-actin, albeit less efficiently than ␣-actinin ( Figure  3 , B and C; EC 50 for NrbI(1-287) was 0.10 Ϯ 0.020 mol NrbI per mole actin, and for NrbI(1-146) was 0.26 Ϯ 0.078). Of note, NrbI(1-287), which was more potent than NrbI(1-146) in generating filopodia (Figure 1 ) also was more potent in bundling actin ( Figure 3C ). In contrast, NrbI(146 -286), which does not induce filopodia (Figure 1 ), failed to bind or bundle F-actin (Figure 3 , B and C). Electron microscopy showed that NrbI(1-287) and NrbI(1-146) promoted loosely packed 50-to 100-nm F-actin bundles ( Figure 3D ). By comparison, actin filaments were widely dispersed in the presence of ). These findings demonstrate that the N-terminal domain of neurabin is sufficient to bundle actin, suggesting that the induction of dendritic filopodia may be due to the intrinsic actin-bundling activity of NrbI(1-287).
Neurabin-I Regulates Dendritic Spine Morphology
Prior studies suggested that mature mushroom spines arise after the stabilization of highly motile filopodia-like precursors (Ziv and Smith, 1996; Matus, 2000; Yuste and Bonhoeffer, 2004) . Immunocytochemistry of control GFP-expressing neurons with an anti-NrbI antibody showed that endogenous NrbI was concentrated in the actin-rich heads of spines and at the base of dendritic filopodia ( Figure 4A ), as was also noted using immunoelectron microscopy in hippocampal slices (Muly et al., 2004; Zito et al., 2004) . Because NrbI localizes to both filopodia and spines and is capable of remodeling the actin cytoskeleton to induce filopodia, we hypothesized that NrbI would play a role in the maturation of dendritic filopodia into spines. To test this, we transfected GFP-NrbI constructs in hippocampal neurons at DIV12, when no spines are present. After growing these cultures to DIV26, control GFP expressing and untransfected neurons possessed numerous mushroom-shaped dendritic spines ( Figure 4B ). Neurons expressing GFP-NrbI-FL also possessed numerous spines ( Figure 4B ). By comparison, DIV26 neurons expressing NrbI(1-287) showed few spines and instead possessed numerous protrusions characterized by longer necks and smaller heads, termed "long-necked spines" or filopodia ( Figure 4B) . Interestingly, the total number of protrusions was unchanged by GFP-NrbI(1-287) expression ( Figure 4C ). NrbI-FL-F460A, which lacked PP1 binding, also resulted in a significant loss of spines and a concomitant increase in thin, elongated filopodia ( Figure  4B ). Quantitative analyses showed that expression of either NrbI(1-287) or NrbI-FL-F460A resulted in a decrease in the number of mature mushroom spines ( Figure 4D ) accompanied by an increase in the number of filopodia. Morphometric analyses showed that NrbI(1-287) increased the average length of dendritic protrusions ( Figure 4E ) and decreased the width of protrusions ( Figure 4F ). Because the total number of protrusions was unchanged ( Figure 4C ), these data suggest that NrbI(1-287) and NrbI-FL-F460A expression prevents or delays the filopodia-to-spine conversion, as reflected by the increase in length-to-width ratio of individual dendritic protrusions in neurons expressing the mutant neurabins ( Figure 4G ).
Two mechanisms could account for the delayed conversion of filopodia to spines in DIV26 neurons by GFP-NrbI(1-287). Either NrbI(1-287) slows or stops the conversion process, or it reverts previously mature spines into filopodia. To distinguish between these two events, we transfected GFPNrbI(1-287) into older DIV28 neurons that already possessed numerous mushroom-shaped spines and few filopodia and imaged the cells 2 d later. Although GFP-NrbI(1-287) effectively concentrated in the actin-rich heads of DIV30 spines (unpublished data), the length-to-width ratio of dendritic protrusions in DIV30 neurons expressing GFP-NrbI(1-287) was indistinguishable from neurons expressing GFP alone ( Figure 4H ). These findings strongly suggest that NrbI(1-287), which induces filopodia in younger neurons, cannot revert mature spines into filopodia, but instead inhibits the transition of filopodia into spines. The results also hint at a defined window of time (between DIV 12 and DIV 26) in neuronal development during which NrbI regulates spine morphology.
Neurabin-I Increases the Synaptic Accumulation of AMPA Receptors and Potentiates Excitatory Synaptic
Transmission AMPA-type glutamate receptors (AMPARs) are the principal neurotransmitter receptors mediating excitatory transmission and recruitment of AMPARs to postsynaptic membrane is a hallmark of spine development (Ziv and Garner, 2001; Bredt and Nicoll, 2003) . Although GFP-NrbI(1-287) preferentially localizes to the postsynaptic density in hippocampal slices and GFP-NrbI(1-287)-expressing spines make synapses, electrophysiological studies showed that these synapses are functionally down-regulated (Zito et al., 2004) . These observations suggest that the increased number of long-necked spines induced by NrbI(1-287) may be cor-related with a reduced postsynaptic targeting of AMPARs. To test this possibility, we utilized live-cell antibody labeling to analyze the surface expression of GluR1 AMPARs in cultured hippocampal neurons expressing GFP-neurabins.
In neurons expressing GFP alone, dendrites were decorated with numerous surface GluR1 puncta corresponding to excitatory synapses ( Figure 5A ). Expression of GFP-NrbI-FL, which had no effect on spine morphology, also had no (DIV8) expressing GFP-neurabins were fixed and F-actin was stained with Alexa-568-phalloidin. Representative GFP fluorescence, phalloidin staining, and merged images are shown. Arrowheads highlight F-actin puncta and arrows indicate linear bundles of actin filaments. Scale bar, 5 m. (B) Purified F-actin was mixed with ␣-actinin or His-NrbI proteins at the increasing molar ratios and low-speed centrifugation separated F-actin filaments in the supernatant (S) from bundled F-actin in the pellet (P). Supernatants and pellets were subjected to SDS-PAGE, and the gels were stained with Coomassie blue. Coomassie-stained actin is shown. (C) Quantification of results in B is shown as the percent of total F-actin sedimented at various His-NrbI/actin molar ratios (ϮSEM; n ϭ 4). (D) The bundles of F-actin filaments induced by His-NrbI proteins were examined by electron microscopy. Arrow points to a "loose" F-actin bundle consisting of several smaller bundles (arrowheads). Scale bars, 200 nm. measurable effect on GluR1 surface expression. By comparison, GFP-NrbI(1-287), which retarded spine maturation in the dissociated cultures, resulted in a marked reduction in GluR1 surface expression ( Figure 5A ). GFP-NrbI-FL-F460A also resulted in significant reduction in surface GluR1 staining. Quantitative analyses showed that both GFP-NrbI(1-287) and GFP-NrbI-FL-F460A resulted in a 50 -60% reduction in the surface expression of GluR1 ( Figure 5B ).
To test the functional effect of reduced GluR1 at the plasma membrane, we monitored AMPAR-mediated synaptic transmission by measuring miniature excitatory postsynaptic currents (mEPSC) in neurons expressing GFP-NrbI proteins ( Figure 5C ). Both mEPSC amplitude and frequency were decreased in neurons expressing GFP-NrbI(1-287) and GFP-Nrb-FL-F460A relative to cells that expressed either GFP or GFP-NrbI-FL ( Figure 5D ; GFP, 22.3 Ϯ 1.0 pA, 1.8 Ϯ 0.2 Hz; GFP-Nrb-FL, 23.5 Ϯ 1.3 pA, 2.0 Ϯ 0.3 Hz; GFP-Nrb-FL-F460A, 14.1 Ϯ 1.0 pA, 0.8 Ϯ 0.1 Hz; and GFP-NrbI(1-287), 13.1 Ϯ 0.8 pA, 0.7 Ϯ 0.1 Hz). These functional deficits closely paralleled the reductions in surface GluR1 expression (Figure 5A) . Together, these data indicate that the delayed morphological maturation of dendritic spines was accompanied by a reduction in excitatory synaptic transmission.
Neurabin-I Facilitates Synaptic Targeting of AMPARs
The above studies utilized overexpression of wild-type and mutant NrbIs in cultured neurons, and thus the results could be ascribed to either the intrinsic activity of mutant NrbI proteins or disruption of endogenous NrbI-mediated events. To establish the requirement for endogenous neurabin in spine maturation, we used RNA interference with short hairpin RNAs (shRNA; Paddison and Hannon, 2002) to "knockdown" the expression of endogenous NrbI in cultured neurons. The vector, pZOFF, was designed to express shRNAs of interest driven by H1 RNA polymerase-III, whereas GFP expression by a separate cassette served as a marker of successful transfection ( Figure 6A ). To test shRNA efficacy, pZOFF and pNrbI-OFF (containing shRNA directed against NrbI amino acids 430 -437) were transfected in COS7 cells expressing GFP-NrbI-FL or GFP-Spino-FL. Immunoblotting with anti-GFP antibody showed that pNrbI-OFF but not pZOFF significantly reduced GFP-NrbI-FL levels ( Figure  6B , left panel). Neither plasmid had an effect on the expression of GFP-Spino-FL ( Figure 6B, left panel) . Equal protein loading was established by immunoblotting with an antitubulin antibody ( Figure 6B, right panel) . Immunocytochemical analysis of transfected neurons showed that pNrbI-OFF, but not pZOFF, dramatically reduced endogenous NrbI levels relative to nearby untransfected neurons ( Figure 6C and  unpublished data [pZOFF] ). Quantification of several inde- pendent experiments showed ϳ70% reduction in endogenous NrbI levels after 5 d of NrbI shRNA expression ( Figure  6D ). Live-cell staining for surface GluR1 in the same age cultures showed that neurons expressing pNrbI-OFF displayed significantly reduced surface GluR1 ( Figure 6E ). Quantification of multiple independent experiments showed a 30% reduction in surface GluR1 after 5 d of NrbI shRNA expression ( Figure 6F ). These studies demonstrate Figure 6 . Endogenous neurabin-I regulates AMPAR surface expression. (A) pNrbI-OFF was constructed by insertion of the NrbI shRNA hairpin loop in the pZOFF vector. In this vector shRNA expression is driven by an H1 PolIII promoter and GFP is separately expressed under the control of a CMV promoter. (B) Left panels, GFP-NrbI-FL or GFP-Spino-FL was expressed into COS7 cells, which were transfected with pZOFF vector alone or pNrbI-OFF, and protein levels were analyzed using anti-GFP Western blots. Right panels, equal protein loading was verified by immunoblotting with an anti-tubulin antibody. (C) On DIV15, hippocampal neurons were transfected with pNrbI-OFF, and on DIV26, cells were immunostained with anti-NrbI antibody and imaged for both GFP and NrbI staining. Scale bar, 10 m. (D) Quantification of NrbI expression in cultured hippocampal neurons transfected on DIV14 and immunostained on DIV19. Data are presented as a ratio of the anti-NrbI fluorescence intensity in GFP-positive cells relative to pZOFF containing control cells Ϯ SEM (n Ͼ10 for each condition; **p Ͻ 0.01 using the Student's t test). (E) Hippocampal neurons were transfected on DIV14 with pZOFF and pNrbI-OFF. On DIV19, surface GluR1 AMPA receptor (AMPAR) subunits were labeled on live cells as described in Materials and Methods. Cells were imaged for GFP and GluR1 staining. (F) Quantification of surface GluR1 levels is shown as a fraction of the surface GluR1 fluorescence intensity in GFP-positive cells relative to pZOFF containing control cells Ϯ SEM (n Ͼ30 for each condition; *p Ͻ 0.05 using the Student's t test). Scale bar, 10 m.
that endogenous NrbI regulates the synaptic targeting of AMPARs.
DISCUSSION
Induction and remodeling of dendritic spines play key roles both in the development of the mammalian brain and in the subsequent activity-dependent changes of adult neuronal circuits. Recent studies suggested that the number and shape of dendritic spines are regulated by a number of proteins (Hering and Sheng, 2001; Ehlers, 2002) that either directly or indirectly modify the actin cytoskeleton (Nakayama et al., 2000; Tashiro et al., 2000; Penzes et al., 2001; Meng et al., 2002; Hering and Sheng, 2003; Ishikawa et al., 2003; Takahashi et al., 2003) . The present work focused on neurabin-I (NrbI), a neuronal actin-and PP1-binding protein that was recently implicated in regulating spine number and morphology (Oliver et al., 2002; Zito et al., 2004) . Spinophilin, also known as neurabin-II, is a structural homologue of neurabin-I that is highly expressed in neurons and may also regulate spine development, as hippocampal neurons from mice lacking spinophilin displayed an increased number of spines both in vivo and in vitro (Feng et al., 2000) .
Multiple Neurabin Domains Regulate Cell Morphology
We first analyzed the morphological changes induced by neurabin-I and spinophilin in cultured COS7 cells. One highlight of the data are the unique ability of the isolated N-terminal actin-binding domains, NrbI(1-287) and , to induce extended filopodia in these cells. Interestingly, NrbI(1-287) was a more potent inducer of filopodia than Spino(1-289), consistent with its higher affinity for the actin cytoskeleton. Spinophilin is uniquely phosphorylated at several serines within the actin-binding domain by both c-AMP-dependent protein kinase (PKA; Hsieh-Wilson et al., 2003) and Ca 2ϩ -calmodulin-dependent protein kinase type II (CaMKII) (Grossman et al., 2004) . These covalent modifications reduce spinophilin's affinity for F-actin and, as actin binding is essential for modifying cell morphology, one possibility is that ongoing phosphorylation of spinophilin limits its ability to reorganize the actin cytoskeleton to induce filopodia. More generally, these data and findings presented here suggest quantitatively distinct roles for spinophilin and neurabin-I in regulating the actin cytoskeleton.
As deletion of C-terminal sequences enhanced the ability of both neurabin-I and spinophlin to modify cell morphology, we also analyzed other protein-interaction domains. To assess the role of dimerization, we substituted C-terminal coiled-coil domains with the bacterial enzyme gyrase B. Forced dimerization of GFP-Spino(1-586)-GyrB by coumermycin inhibited filopodia providing direct experimental evidence that dimerization attenuates the ability of the actinbinding domain to modify the actin cytoskeleton and induce filopodia. However, we cannot exclude the possibility that in the context of WT NrbI, other proteins known to bind the C-terminal coiled-coiled domain (Stephens and Banting, 1999; Ryan et al., 2003) may also regulate actin cytoskeleton.
A point mutation that abolished PP1-binding also enhanced filopodia induction by full-length neurabin-I and spinophlin, suggesting a role for neurabin-bound PP1 in regulating the actin cytoskeleton. Finally, the PDZ domain of neurabin-I and spinophlin is known to bind the RacGEF kalirin-7 (Penzes et al., 2001 ) and p70 S6 Kinase (Burnett et al., 1998) , two proteins implicated in regulating neuronal morphology. We found that deletion of the PDZ domain (compare GFP-NrbI(1-671) with GFP-NrbI (1-495) or GFPSpino(1-671) with GFP-Spino(1-490) in Figure 1C ) enhanced the ability of both neurabins to induce filopodia in COS7 cells. Although much more research is required to define the relative roles of the various domains within neurabin-I and spinophilin in controlling actin reorganization, our studies strongly suggest that multiple domains in the two neurabin isoforms regulate cell morphology.
Actin Bundling by Neurabin-I Modifies Cell Morphology
Recent studies in cultured cells established that filopodia arise as a result of localized F-actin bundling in a lamellipodial actin network and are initiated by actin-bundling proteins concentrated at specific points on the cell surface (Svitkina et al., 2003) . Although wild-type NrbI-FL was previously reported to bundle actin (Nakanishi et al., 1997) , our studies show that the isolated N-terminal actin-binding domain, NrbI(1-287), also bundles F-actin filaments in vitro. However, the 50 -100-nm actin bundles elicited by NrbI N-terminal fragments in our experiments are much smaller and "looser" than the 200-nm bundles previously noted to be induced by NrbI-FL (Nakanishi et al., 1997) . This suggests that the C-terminal region of NrbI is capable of modulating NrbI's actin-bundling capability. Furthermore, our examination of actin organization in intact cells indicated that both NrbI-FL and NrbI(1-287) promotes elongated actin fibers consisted with bundled F-actin in the dendrites of cultured hippocampal neurons. In contrast to GFP-NrbI-FL, which was highly concentrated at the base of filopodia, NrbI(1-287) was distributed throughout the length of filopodia. This suggests that both differing subcellular localization and differential bundling activity may account for NrbI(1-287)'s enhanced ability to induce filopodia in neurons and COS7 cells compared with wild-type NrbI-FL.
Neurabin-PP1 Complex Regulates Maturation of Filopodia to Spines
A growing body of evidence suggests that dendritic filopodia are morphological precursors of spines (Ziv and Smith, 1996; Matus, 2000; Bonhoeffer and Yuste, 2002; Yuste and Bonhoeffer, 2004 ). Although we found that Nrb(1-287) promoted dendritic filopodia formation, long-term expression of Nrb(1-287) in hippocampal neurons delayed the onset of dendritic spine formation. This contrasts with the normal development of spines containing wild-type NrbI-FL. Because our studies showed that expression of the non-PP1 binding mutant NrbI-FL-F460A (Hsieh-Wilson et al., 1999; Terry-Lorenzo et al., 2002b) , like NrbI(1-287), delays the onset of dendritic spines in cultured hippocampal neurons, biochemical events catalyzed by NrbI-bound PP1 may control the ability of NrbI-FL to facilitate spine formation. For instance, PP1 may be capable of regulating the transition from linear bundles of F-actin in filopodia to a latticed actin cytoskeleton such as that found in the mushroom-shaped heads of spines (Rao and Craig, 2000) . Indeed, PP1 is already known to regulate the actin cytoskeleton in cultured cells (Fernandez et al., 1990) .
In vitro studies demonstrated that spinophilin and neurabin-I are potent regulators of PP1 activity (Allen et al., 1997; McAvoy et al., 1999; Terry-Lorenzo et al., 2002a) , and deficits in PP1 signaling were noted in hippocampal neurons from the spinophilin null mice (Feng et al., 2000) . The ability of NrbI-FL-F460A to delay spine formation is consistent with the function of neurabin-I and spinophilin as PP1 regulatory subunits (Cohen, 2002 ) that selectively target the PP1␥1 isoform to the actin-rich postsynaptic density in dendritic spines (MacMillan et al., 1999; McAvoy et al., 1999; Cohen, 2002; Terry-Lorenzo et al., 2002a) . The importance of PP1 targeting was further evidenced by the fact that NrbI-FL-F460A displayed an enhanced ability to promote filopodia relative to wild-type NrbI-FL in COS7 cells. Because NrbI-FL-F460A likely interferes with the proper targeting of PP1 to substrates within filopodia and spines, the simplest interpretation of these results is that PP1 bound to neurabin negatively regulates filopodia formation induced by the actin-bundling domain. Such an antagonistic relationship between the effects of actin bundling and PP1 binding are further supported by our observation of reciprocal effects of these neurabin domains on synaptic recruitment of AMPARs and excitatory synaptic transmission. The targeting of PP1 does not always dampen NrbI's effects on cell morphology, however, as NrbI-FL stimulated numerous filopodia in young (DIV7) neurons, but mutation of the PP1-binding site had no further effect. Together, these studies suggest that the actin-bound neurabin/PP1 complex acts at defined stages during neuronal development to control spine morphogenesis.
To regulate the spine actin cytoskeleton, the NrbI/PP1 complex may dephosphorylate multiple postsynaptic substrates, such actin-depolymerizing factor (ADF)/cofilin (Meberg et al., 1998) , or CaMKII (Lisman and Zhabotinsky, 2001) . Interestingly, increased phosphorylation of ADF/cofilin is required for actin recruitment to spines during LTP (Fukazawa et al., 2003) and net ADF/cofilin dephosphorylation in mice lacking LIMK-1, an ADF/cofilin kinase, altered spine morphology (Meng et al., 2002) . CaMKII␤ also regulates filopodial growth, motility, and spine formation (Fink et al., 2003; Jourdain et al., 2003) . In hippocampal slices, pharmacological inhibition of PP1 activity caused a rapid increase in dendritic spines and filopodia (Jourdain et al., 2003) , suggesting that the ongoing synaptic PP1 activity associated with the neurabin/PP1 complex maintains normal spine number and morphology. One interesting possibility is that NrbI acts in conjunction with other PP1 complexes, such as the postsynaptic Phactr-1 complex, which contains both PP1 and G-actin .
The Neurabin/PP1 Complex Regulates Synaptic Localization of GluR1 Subunits
As filopodia are transformed into spines, postsynaptic protein complexes are assembled and neurotransmitter receptors are recruited to postsynaptic sites (Ziv and Garner, 2001; Bredt and Nicoll, 2003) . In this regard, it is interesting to note that PP1 association with unspecified postsynaptic targeting subunits is required for hippocampal long-term depression (Morishita et al., 2001) . This synaptic depression is associated with PP1-catalyzed dephosphorylation of GluR1 subunits (at Ser845), which triggers AMPAR internalization (Beattie et al., 2000; Ehlers, 2000) . Although previous electrophysiological studies suggested that expression of NrbI(1-287) in hippocampal slices down-regulated AMPAR and NMDAR currents (Zito et al., 2004) , our data showed that delayed morphological maturation of dendritic spines by both NrbI(1-287) and NrbI-FL-F460A resulted in parallel decreases in surface expression of GluR1 subunits and diminished glutamatergic transmission. The shRNA-mediated knockdown of endogenous NrbI levels also decreased surface GluR1 subunits, providing independent corroboration for a role for NrbI in facilitating the synaptic recruitment of AMPARs. It is unlikely, however, that the NrbI/PP1 complex directly dephosphorylates GluR1, as defective PP1-mediated down-regulation of AMPAR and LTD in hippocampal slices from spinophilin null mice (Feng et al., 2000) suggests that the Spino/PP1 complex is the likely GluR1 (Ser845) phosphatase. Thus, we speculate that the PSD-associated NrbI/PP1 complex acts to dephosphorylate other substrates that regulate AMPAR recruitment to synapses. Interestingly, as noted in NrbI(1-287)-expressing hippocampal slices (Zito et al., 2004) and spinophilin null mice (Feng et al., 2000) , NMDAR currents may also be affected by altered PP1 targeting. This may suggest a coordinate regulation of the NrbI/PP1 complex and NMDAR-associated yotiao/PP1 complex (Westphal et al., 1999) to regulate excitatory neurotransmission. Finally, in contrast to the spinophilin/PP1 complex, which down-regulates AMPAR (Feng et al., 2000) , our studies suggest the NrbI-bound PP1 facilitates increased synaptic targeting of GluR1 and AMPAR-mediated synaptic transmission. Because NrbI and spinophilin heterodimerize in neurons (MacMillan et al., 1999) , this hints at a complex interplay between spinophilin/PP1 and NrbI/PP1 to regulate protein composition and function of excitatory synapses.
In summary, results presented here demonstrate an important role for the neurabin-I/PP1 complex in the formation of filopodia in young neurons and the transformation of neuronal filopodia into dendritic spines. The ability of neurabin-I to promote synaptic targeting of GluR1 subunits and enhance AMPAR currents in cultured neurons implies that the neurabin-I/PP1 complex also plays a key role in the functional maturation of excitatory synapses. It will be important for future studies to identify the synaptic targets of the neurabin-I/PP1 complex and elucidate the signaling mechanisms that coordinate the action of this actin-associated phosphatase complex with that of other postsynaptic PP1 complexes. More broadly, by revealing molecular events integrating actin remodeling and PP1 activity at the postsynaptic membrane, our results provide new insights into the spatial and temporal events required for spine development and excitatory synaptic transmission in the mammalian brain.
